Several recent studies have used the net sheet method to estimate fine root production rates in forest ecosystems, wherein net sheets are inserted into the soil and fine roots growing through them are observed. Although this method has advantages in terms of its easy handling and low cost, there are uncertainties in the estimates per unit soil volume or unit stand area, because the net sheet is a two-dimensional material. Therefore, this study aimed to establish calculation procedures for estimating fine root production rates from two-dimensional fine root data on net sheets. This study was conducted in a hinoki cypress (Chamaecyparis obtusa (Sieb. & Zucc.) Endl.) stand in western Japan. We estimated fine root production rates in length and volume from the number (RN) and cross-sectional area (RCSA) densities, respectively, for fine roots crossing the net sheets, which were then converted to dry mass values. For these calculations, we used empirical regression equations or theoretical equations between the RN or RCSA densities on the vertical walls of soil pits and fine root densities in length or volume, respectively, in the soil, wherein the theoretical equations assumed random orientation of the growing fine roots. The estimates of mean fine root (diameter <1 mm) production rates were ∼80-100 g m −2 year −1 using the empirically obtained regression equations, whereas those from the theoretical equations were ∼40-50 g m −2 year −1
Introduction
Fine roots are a key component of carbon and nutrient dynamics in forest ecosystems. A number of studies have shown high productivity of fine roots, often accounting for more than 50% of the net primary productivity of forests (Hendrick and Pregitzer 1993 , Ruess et al. 2003 , Finér et al. 2011 . In addition, the growth and physiological processes (e.g., nutrient uptake, respiration) of fine roots are known to be sensitive to environmental stresses (Hirano et al. 2007) . Therefore, to understand the dynamics and physiological processes of tree roots, a good estimate of their production rates is needed.
Although several methods, such as sequential coring, ingrowth core and minirhizotron, have been employed with some success to estimate fine root production rates, each method has its disadvantages and chances of error (Vogt et al. 1998 , Hendricks et al. 2006 , Finér et al. 2011 . For example, the ingrowth core method has been widely used because of its low cost and simple procedure with easy sample preparation protocol (i.e., separation of roots that grow into 'root-free' soil). However, the behavior of roots in ingrowth cores could be unnatural, because root growth media packed in the cores consist of 'root-free' soil, which might have different chemical and physical properties than the surrounding natural soil (Vogt et al. 1998 , Hirano et al. 2009 ). Another popular method during the past decades has been the minirhizotron method, which can trace the growth of individual roots non-destructively, and is particularly useful for examining the life span or turnover of fine roots (Wells and Eissenstat 2001, Majdi et al. 2005) . However, the minirhizotron method is more expensive than the other methods, and it makes the estimation of fine root production rates per unit soil volume or unit stand area difficult, as the data comprise two-dimensional root images. Therefore, various calculation procedures have been used to estimate the fine root production rates in minirhizotron studies (Johnson et al. 2001) . Some of them, for example, assume a certain depth of view (e.g., 2-3 mm) (Steele et al. 1997 , Lopez et al. 2001 , Ruess et al. 2003 , whereas others estimate the fine root turnover rates using minirhizotron data, which are then multiplied with the fine root biomass in bulk soil to obtain the fine root production rates (Park et al. 2008 , Fukuzawa et al. 2013 .
Several other studies have used the net sheet method, wherein net sheets are installed into the soil and the estimate of fine root production rates is based on the amount of fine roots growing through these net sheets (Fahey and Hughes 1994 , Hirano et al. 2009 , Lukac and Godbold 2010 , Montagnoli et al. 2014 , Makoto et al. 2016 ). This method is similar to ingrowth core methods in terms of its low cost and easy handling. Although the net sheet method causes some soil disturbance during the installation of sheets, it is designed to examine roots growing through the sheets and in the surrounding 'natural' soil, which is one of its primary advantages (Hirano et al. 2009 ). However, similar to the minirhizotron method, the net sheet method is prone to errors in the estimation of fine root production rates, because the observed root growth occurs in 'two-dimensional' net sheets.
Recent studies using the net sheet method have determined the biomass of fine roots that crossed a net sheet and were present in the soil block surrounding the net sheet after an incubation period, and the obtained fine root biomass was considered as the fine root production rate for the given incubation period (described as 'soil block' (SB) method later) (Andreasson et al. 2016 , Ohashi et al. 2016 . A similar technique was applied in some of the minirhizotron studies, which, as mentioned above, assumed a certain depth of view on the surface of a minirhizotron tube (Steele et al. 1997 , Lopez et al. 2001 , Ruess et al. 2003 . However, results obtained by these procedures might vary if the thickness of the soil block (net sheet) or the assumed depth of view (minirhizotron) differs. In addition, this calculation cannot detect the production of roots that grew in the same soil block, but failed to cross the net sheet. Another problem is that roots present prior to the incubation period might be harvested together with new roots, if the new roots branched from these old roots within the examined soil block. These possible errors could lead to under-or over-estimation of fine root production rates. To avoid these errors, we should instead focus on the root segments that cross the net sheets, which are obviously produced after the installation of the net sheets.
Thus, the aim of this study was to establish new approaches for estimating fine root production rates using the net sheet method. More specifically, the objectives of this study were to estimate fine root production rates from the number or cross-sectional area of fine roots growing through net sheets, and to evaluate the estimates obtained either empirically or theoretically from derived equations. We compare these estimates with those obtained by the SB method and discuss the effects of different calculation procedures on the estimation of fine root production rates.
Materials and methods

Study site
This study was conducted in a hinoki cypress (Chamaecyparis obtusa (Sieb. & Zucc.) Endl.) stand located in Shikoku Island, western Japan. Chamaecyparis obtusa is one of the major plantation species in Japan, covering~25% of the plantation area or 10% of the total forest area in the country (Forestry Agency 2014). It has been reported that C. obtusa is a shallow-rooted species and their fine roots are colonized by arbuscular mycorrhizal fungi (Karizumi 1974 , Matsuda 1994 . Stand characteristics of the study site are described in Table 1 (Miyamoto et al. 2013 ).
Fieldwork
In February 2010, a 6 m × 16 m study plot was established, in which 36 pieces of net sheets (10 cm × 20 cm) with 2-mm openings were installed at a spacing of 2 m × 2 m. Methods for installing and sampling the net sheets were adapted from Hirano et al. (2009) . The net sheets were inserted vertically into the soil to a depth of 20 cm. Then, after one and two growing seasons (in April and November 2011, respectively), these net sheets were sampled using a shovel with a 10 cm × 30 cm blade. Each sample was a soil block 10 cm wide, 20 cm deep and 10 cm thick, containing a net sheet inside (see Figures S1 and S2 available as Supplementary Data at Tree Physiology Online).
In addition, in December 2012, we extracted 12 soil cores by inserting 50-ml metal cylinders (5 cm in diameter and 2.55 cm in length) horizontally into the vertical walls of soil pits (0-20 cm in depth) at the same study site, but at places different from the locations where the net sheets were installed and sampled. These soil core samples were used to examine the relationships between root parameters such as number of roots per unit surface area of the vertical plane in the soil and root length per unit soil volume (see Figure S3 available as Supplementary Data at Tree Physiology Online). The observation surface of those soil cores corresponded to the vertical walls of the examined soil pits and was parallel to the net sheets inserted vertically into the soil. The
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These soil samples were transported to the laboratory and kept in a refrigerator (∼4°C) until further processing.
Preparation and analyses of root samples
To examine the fine roots growing through a net sheet, only one side (half) of the soil block was used in this study. First, the surface of the soil block was cut or scraped away using scissors to reduce the thickness of the block to 1 cm (see Figures S1 and S2 available as Supplementary Data at Tree Physiology Online). As a result, samples subjected to further analyses were soil blocks of dimensions 10 cm × 20 cm × 1 cm, underlain with the net sheet (10 cm × 20 cm). Next, the 1-cm thick soil on the net sheet was gently removed using a skewer and roots that crossed the net sheet were harvested.
The 18 samples after one growing season (1-year samples) were used to estimate the fine root production rates by the SB method (Hirano et al. 2009 , Ohashi et al. 2016 , in addition to examining the relationships between diameter and specific root length, and between volume and dry weight (see Figure S1 available as Supplementary Data at Tree Physiology Online). For these analyses, fine root samples were roughly divided by diameter classes (<0.5, 0.5-1.0 and 1.0-2.0 mm). Next, these fine roots were scanned using a flat-bed image scanner with a transparency unit (GT-X970, Epson, Suwa, Japan). During the scanning, root samples were spread in water in a transparent plastic container. Root images were analyzed for their length, diameter and volume using the root image analysis software (WinRHIZO Pro 2012, Quebec, Canada). The root samples after scanning were oven-dried at 60-70°C for more than 48 h and then weighed. Dry weight of the fine roots <1 mm in diameter was calculated as the dry weight of total fine roots (diameter <2 mm) multiplied by the proportion of fine root volume <1 mm in diameter to that of total fine root volume (diameter <2 mm).
The samples after two growing seasons (2-year samples) were used to estimate fine root production rates with calculation procedures described in the next section. For these analyses, fine roots growing through a net sheet were separated into two parts, short root segments (∼0.5-1.0 cm in length) crossing the net sheet and other remaining parts in the 1-cm thick soil block on the net sheet (see Figure S2 available as Supplementary Data at Tree Physiology Online). The fine root samples were then scanned, analyzed for images and weighed the same way as the 1-year samples. The number of short root segments was also determined for each net sheet.
For the soil core samples obtained in December 2012, the fine roots were divided into short segments on the observation surface of the soil cores and other parts in the soil cores (see Figure S3 available as Supplementary Data at Tree Physiology Online). The roots were then scanned and analyzed for images the same way as the 1-and 2-year net-sheet samples. The number of short root segments was also determined for each soil core.
Calculation procedures for estimating fine root production rates
We examined three approaches to estimate fine root production rates as follows.
Soil block method (SB method) This method was similar to the procedures used in some previous papers (Hirano et al. 2009 , Ohashi et al. 2016 , wherein fine root production rates per unit stand area (P DMst , g m −2 year −1
) were estimated using the following equation:
where DW b is the dry weight of fine roots that grew through the net sheet and were present in the soil block sampled with the net sheet, and W, T and Y are width of the net sheet (cm), thickness of the soil block (cm) and incubation period (year), respectively. Therefore, 'W × T' represents the stand area occupied by a soil block ('10 cm × 1 cm' in this study; see Figures S1 and S2 available as Supplementary Data at Tree Physiology Online). The Unpublished data in 2011 (Diam. <1 mm; soil depth of 0-20 cm)
Data except for fine root biomass were from Miyamoto et al. (2013) .
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. In this method, it is assumed that DW b is the dry weight of roots that were produced afresh during the incubation periods.
Calculations using empirical regression equations We examined two approaches using empirical regression equations, wherein we estimated fine root production rates from the number or cross-sectional area densities of roots growing through the net sheets (RN-RL and RCSA-RV methods, respectively). In the RN-RL method, a regression equation between the root number (RN) densities on the observation surface of soil cores and the root length (RL) densities in the soil cores was used to estimate the fine root length production per unit soil volume. In the RCSA-RV method, a regression equation was established between the root cross-sectional area (RCSA) densities on the observation surface and the fine-root volume (RV) densities in the same soil cores that were used for the RN-RL method. The RCSA densities (A w , cm 2 cm −2
) were calculated using the following equation:
where D w is the diameter (mm) of individual fine roots on vertical walls of soil pits, and Q w is area of the vertical walls (cm 2 ); the value 10 −2 converts the mm 2 of A w into cm 2 . The observation surface of the soil cores was parallel to the net sheets inserted into the soil, both of which corresponded to the vertical plane in soil (see Figures S1-S3 available as Supplementary Data at Tree Physiology Online). Although these regression equations were established for all fine roots, including young and old roots on the observation surface of soil cores and those within the soil cores, we assumed that this relationship can be applied for the population of fine roots that grew during the period of net sheet incubation, i.e., 0-2 year old fine roots on the surface of net sheets and those in the soil behind the net sheets. In the RN-RL method, the fine root production rates in length were converted to those in dry mass using specific root length of fine roots, whereas, in the RCSA-RV method, the fine root production rates in volume were converted using another regression equation between volume and dry weight of the fine roots, wherein the slope value indicated the specific gravity of fine roots. The obtained fine root production rates per unit soil volume (mg cm ) were further converted to values per unit stand area (g m −2 year −1 ), taking into account the soil depth examined (20 cm), and implementing changes in units for stand area (cm 2 to m 2 ) and dry weights of fine roots (mg to g).
Calculations using theoretical equations For the RN-RL relationship, Melhuish and Lang (1968) showed that average length density of randomly oriented lines in a certain volume of space (L v , cm cm
) can be estimated by the number density of line intersections on a plane in the space (N, no. cm −2 ), using the equation:
In their study with cotton seedlings, they also found that this relationship could be applied to estimate root length density in soil cores. Thus, we applied this theoretically derived equation for estimating fine root production rates and compared the results with those calculated using the empirically obtained RN-RL regression equation in this study.
As for the RCSA-RV method, we applied the 'plane intersect method' reported by Bernier and Robitaille (2004) , which was used for estimating fine root production rates from minirhizotron images. They established this plane intersect method by modifying the 'line intersect method' reported by Van Wagner (1968) , which has been used for estimating the volume of logs or coarse woody debris in forests. Assuming that roots were crossing a sampling plane (observation windows of minirhizotron), and that angles of the crossings were random to either of the two axes of the plane, Bernier and Robitaille (2004) showed that the sum of expected elliptical cross-sectional areas of fine roots along the sampling plane (A e ) could be expressed as the following equation:
where 'r' is the root radius on the minirhizotron observation window. This theoretically obtained equation assumes that cross sections of roots on the sampling plane are ellipses, with lengths of short-and long-axes, on average, equaling the root diameter and π/ 2 times the root diameter, respectively (Bernier and Robitaille 2004 ).
Based on their idea, we calculated the expected elliptical crosssectional area of fine roots crossing the net sheets. The sums of the expected fine-root cross-sectional area per unit width of the net sheets can be considered to have the same values as fine root production rates in volume per unit stand area, similar to the line intersect method for estimating volume of woody debris per stand area (Van Wagner 1968). The obtained data were then compared with the fine root production rates calculated using the empirically obtained RCSA-RV regression equation in this study.
Statistics
Linear regression analyses were performed between the fine root parameters on the observation surface of soil cores (the number and cross-sectional area densities) and those within the soil cores (length and volume densities, respectively), with intercepts fixed to 0. The fine root data analyzed here were obtained from soil cores sampled from the vertical walls of soil pits (see Figure S3 available as Supplementary Data at Tree Physiology Online). Next, the obtained regression equations were used for estimating fine root production rates in length and in volume using data from the net sheets.
Relationships between mean root diameter and specific root length, and between the volume and dry weight of individual fine root samples were also examined by linear regression analyses, wherein the mean root diameter and specific root length were log-transformed. The obtained regression equations were used to convert the fine root production rates in length and volume to those in dry mass. These analyses were performed using data on fine roots in soil blocks collected after one growing season (1-year samples; see Figure S2 available as Supplementary Data at Tree Physiology Online).
In this study, mean values and 95% confidence intervals of the fine root production rates were calculated. Before the calculation, the Shapiro-Wilk test was performed to check normality of the data. When the data did not fit a normal distribution, logtransformed data were also examined.
The linear regression analyses and Shapiro-Wilk test were performed using the statistics software JMP 11 (SAS Institute, Cary, NC, USA).
Results
Parameters and equations used for estimating fine root production rates
Linear regression analyses using the fine root parameters in the soil cores indicated that length and volume densities of fine roots in the soil were significantly related to the number and crosssectional area densities, respectively, of fine roots on the vertical walls of soil pits (Figure 1 ). These analyses were limited to the roots <1 mm in diameter, because only 2 of 12 samples were available for roots >1 mm in diameter (i.e., only two soil core samples had roots >1 mm in diameter on the observation surface of the soil cores (parameters for X-axis)), although such large diameter roots were also present inside other soil cores (data not shown). Equations with significant regression were also obtained between the mean root diameter and specific root length, and between the volume and dry weight of fine roots (Figure 2) .
Based on these empirical regression equations, we established the equations for estimating fine root production rates in dry mass (P DM ; mg cm
) in our C. obtusa stand from two-dimensional data on fine roots crossing the net sheets. The equations for the RN-RL method (empirical) are:
where P L is the fine root production rate in length (cm cm ) and mean diameter (mm), respectively, of the root segments crossing a net sheet, and Y is the period of net sheet incubation (year). To estimate the P L based on the theoretical RN-RL relationship, assuming random orientation of fine root growth, the following equation was used:
On the other hand, the equations obtained for the RCSA-RV method (empirical) are:
n n n 2 2 Figure 1 . Relationships between the number of fine roots (N w ) on the observation surface of soil cores and fine root length density (L s ) in the soil cores (top), and between the cross-sectional area density of fine roots (A w ) on the observation surface of soil cores and fine root volume density (V s ) in the soil cores (bottom). Regression equations with intercept fixed to 0 are shown (N = 12). Since the soil core samples were collected by horizontally inserting metal cores into the vertical walls of soil pits, the observation surface of soil cores examined here corresponded to these vertical walls. Parameters of the regression equations are shown in Table S1 available as Supplementary Data at Tree Physiology Online.
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where A n is the cross-sectional area density of root segments crossing a net sheet (cm 2 cm −2
), D n is the diameter of individual root segments crossing a net sheet (mm), Q n is the area of the net sheet (cm 2 ), and P V is the fine root production rate in volume per unit soil volume (cm 3 cm −2 year −1
). The value 10 −2 converts the mm 2 of A n into cm 2 .
For the calculations based on the theoretical RCSA-RV relationship, the fine root production rates per unit stand area (P DMst ; mg cm −2 year −1 ) were estimated using the following equations:
where A e,sum is the sum of theoretically calculated cross-sectional areas of root segments crossing a net sheet (cm
), P Vst is the fine root production rate in volume per unit stand area, W is the width of the net sheet (cm) and T is the thickness of the soil block (cm) (although it is not needed in the calculation).
The P DM (mg cm
) obtained from these equations were converted to fine root production rates per unit stand area (g m −2 year −1
) as described in the 'Materials and methods' section.
Estimates of fine root production rates
In this study, we estimated the production rates of fine roots <1 mm in diameter using five calculation procedures, four of which used parameters of fine roots crossing the net sheets, such as the diameter and number of the fine root segments. The number of such fine root segments in the 18 net sheets after the two growing seasons was 999, wherein 96% were roots <1 mm in dimeter (Figure 3) . The fine root mass in the soil blocks and the number of root segments crossing the net sheets after two growing seasons were about double of those after a single growing season (Figure 4) . Therefore, the amounts of fine root production in the two growing seasons (N = 18) were divided by two to estimate the annual fine root production rates in this study. The obtained mean fine root production rates were 31-125 g m −2 year −1 (arithmetic means with 95% confidence interval; Table 2 ), and the values obtained by theoretical equations assuming random fine root orientation in the soil were nearly half of the other estimates based on empirical RN-RL or RCSA-RV relationships ( Table 2) , respectively). Data obtained from the RCSA-RV method did not fit the normal distribution well (Shapiro-Wilk test, P = 0.047), but their log-transformed values did (P = 0.52). Therefore, geometric means of the fine root production rates are also shown, which were~90% of the arithmetic means (Table 2) .
Discussion
Results of this study showed that estimates of fine root production rates obtained from empirical equations were higher than those based on theoretical equations, and were similar to those obtained by the SB method ( Table 2 ). The variation in estimates was probably due to the effects of a preferential growth direction (anisotropy) of fine roots in the regression equations. In case of our RN-RL method, for example, if the fine root orientation was completely perpendicular to the vertical walls of the soil pits, the
)' would be 1, whereas the k would be 2 if the fine roots were present in the form of randomly orientated line pieces (Melhuish and Lang 1968, Cruz-Orive 1997) . On the other hand, the k obtained empirically in this study was 4.41 (Figure 1 ), suggesting that many of fine roots in our C. obtusa stand seemed to have growth directions that made acute angles to the vertical planes or vertically inserted net sheets in the soil, although our data cannot indicate which directions they grew in (e.g., more vertical?). The RN-RL relationships have also been reported for some crop and woody plant species (e.g., maize and cotton). Van Noordwijk et al. (2000) reviewed these studies and showed that the coefficient k varied greatly, ranging from 0.8 to 16. This variation was attributed to differences in both plant species and soil conditions, although large k values might be due to the underestimation of N (the number of root intersections), which was difficult to count in the field, especially for very thin roots or small root tips (Bengough et al. 1992) . In addition, a recent paper on walnut (Juglans regia × nigra L.) stands showed that the anisotropy of fine roots significantly varied with conditions such as distance from the trees and soil depth, even within the same site (Cardinael et al. 2015) . These results suggest that the effects of fine root orientation should be considered when the net sheets are installed in a particular direction (usually vertical), because the observed number of root intersections or the cross-sectional area of fine roots would vary depending on the angles between preferential growth direction of fine roots and direction of the installed net sheets, even within the same study site. Empirical regression equations reflecting the fine root orientation are expected to be useful in improving the estimates of fine root production rates, as shown in this study (Table 2) .
Perhaps due to this fine root anisotropy, the fine root production rates were likely underestimated when theoretically obtained equations (RN-RL (theoretical) and RCSA-RV (theoretical)) were used in our C. obtusa stand (Table 2) . However, these theoretical equations might also be applicable if the net sheets are installed in a manner similar to that used by Fahey and Hughes (1994) , who used similar-sized net sheets (5 cm in width, 2.9 mm in opening size) for estimating fine root production rates in deciduous broad-leaved forests in New Hampshire, and installed the net sheets at~45°angles at random orientations to reduce the bias derived from fine root anisotropy. This procedure could be adapted for other study sites as well, although it might not be technically easy in the case of our C. obtusa stand, considering its steep slope (31°in average; Table 1 ). Thus, the appropriate design of net sheet installation and calculation procedures should be chosen for each study separately, considering its particular site conditions. As mentioned above, the SB method has been used for calculating fine root production rates in recent studies using the net sheet method. Our data indicated that the estimates based on empirical RN-RL or RCSA-RV relationships were similar to those obtained by the SB method (Table 2) , regardless of its possible errors (i.e., including roots older than the incubation periods or excluding young roots that fail to cross the net sheets) that could lead to over-or underestimation. However, if the effects of these possible errors were little or negligible, the SB method would be a good option due to its simple calculation procedure (Ohashi et al. 2016) .
The fine root production rates reported for other C. obtusa stands have ranged from 101 to 243 g m −2 year −1 (Hishi and Takeda 2005 , Noguchi et al. 2007 . This suggests that our estimates (∼100 g m −2 year −1 or less) are in the lower range for this species, although these previous estimates included the data for larger diameter classes (<2 mm) of fine roots. There is also a possibility of underestimation because our calculations did not consider the loss of fine roots by decomposition or fine root growth to a larger size category during the net sheet incubation period Aizawa 2012, Van Do et al. 2016) . For example, Osawa and Aizawa (2012) suggested that their estimates of fine root production rates could be 14% larger if the amounts of fine roots lost by decomposition were included. Using more flexible net sheets might also improve the estimates by reducing the effects of impedance against fine root elongation or by maintaining good contact between the net sheets and the soil (Montagnoli et al. 2014 , Ohashi et al. 2016 ). However, considering the fine root biomass in this C. obtusa stand (189 g m −2
; Table 1), the fine root turnover time would be~2 years, which is within the range reported for temperate forests (Park et al. 2008 , Strand et al. 2008 , Finér et al. 2011 ) and similar to the data from another C. obtusa stand, estimated using the minirhizotron technique ). This suggests that our estimates of fine root production rates would be valid, even though they might be underestimated to some extent.
In conclusion, we established new calculation procedures, the RN-RL and RCSA-RV methods, for estimating fine root production rates with the net sheet method. Compared with the SB method that was used in most previous studies, the advantage of these new calculation procedures is in terms of using two-dimensional fine root data on the net sheets, which positively represented new root ingrowth during the incubation periods. In addition, we found that the estimates obtained using empirical equations differed greatly from those obtained using theoretical equations, which was probably due to a preferential growth direction of fine roots in the study site. Taken together, our results indicate that the net sheet method might provide better estimates of fine root production rates from two-dimensional fine root data by using empirical regression equations, which reflect the nature of fine root orientation in the study site.
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